PRDX6, a member of the peroxiredoxins (PRDXs) family, is a key player in the removal of reactive oxygen species (ROS). Using targeted inactivation of the Prdx6 gene, we present evidence that the corresponding protein offsets the deleterious effects of ROS on lens epithelial cells (LECs) and regulates gene expression by limiting its levels. PRDX6-depleted LECs displayed phenotypic alterations and elevated a-smooth muscle actin and big-h3 expression (markers for cataractogenesis), indistinguishable from transforming growth factor b (TGFb)-induced changes. Biochemical assays disclosed enhanced levels of ROS, as well as high expression and activation of TGFb1 in Prdx6 À/À LECs. A CAT assay revealed transcriptional repression of lens epithelium-derived growth factor (LEDGF), HSP27, and aB-crystallin promoter activities in these cells. A gel mobility shift assay demonstrated the attenuation of LEDGF binding to heat shock or stress response elements present in these genes. A supply of PRDX6 toPrdx6 À/À LECs reversed these changes. Based on the above data, we propose a rheostat role for PRDX6 in regulating gene expression by controlling the ROS level to maintain cellular homeostasis.
Introduction
Reactive oxygen species (ROS) and organic free radicals are essential metabolic intermediates with important regulatory functions. Overproduction of these reactive metabolites or ROS is implicated in the etiology of a host of degenerative diseases, 1 including age-related cataractogenesis. Of the various types of oxidative damage, apoptosis, loss of homeostasis, and abnormal phenotypic changes are major contributors to injury. Thus, strict regulation of ROS is vital to maintain cellular integrity and homeostasis. Antioxidants play a major role in this regard by limiting the overproduction of radicals generated by the metabolism or cells under environmental stress. The major defense enzymes reported to date are superoxide dismutase (SOD), which converts superoxide radicals to hydrogen peroxide (H 2 O 2 ), catalase (CAT), selenium (SE)-dependent glutathione peroxidase (GSHPx), glutathione-S-transferase (GST), and the recently defined rapidly growing family of peroxiredoxins (PRDXs) 2, 3 . These enzymes reduce peroxides to the corresponding alcohol or water. [4] [5] [6] [7] [8] The PRDX family displays special features, compared with other existing peroxidases. Specifically, when reducing H 2 O 2 , PRDX enzymes themselves are oxidized, therefore acting both as peroxidase and co-substrate. 9 Recent studies have shown that the active site cysteine of PRDXs is selectively oxidized to cysteine sulfinic acid, leading to inactivation of peroxidase activity, and the sulfinic form of PRDX is rapidly reduced to the catalytically active thiol form. 10, 11 It appears that the cell's ability to reduce protein sulfinic acid serves as a mechanism to repair damaged proteins or represents a new type of cyclic modification regulating the functions of various proteins.
PRDXs, thiol-containing peroxidases, are conserved from bacteria to mammals. 10, 12 There are six subgroups of PRDX enzymes (PRDX1-6) in mammals. [12] [13] [14] These enzymes use redox-active cysteines to reduce peroxides, and are divided into two categories, 1-Cys and 2-Cys, based on the number of cysteinyl residues directly involved in catalysis 3 . The peroxidase reaction is composed of two steps centered around a redox-active cysteine designated 'peroxidatic cysteine'. 15, 16 The 1-Cys PRDX contains only the peroxidatic cysteine, and not a resolving cysteine. 16 Based on the presence of one conserved redox-active cysteine in the NH2 terminus of PRDX6 (C-47), previously known as antioxidant protein 2 (AOP2) 2, 3, [17] [18] [19] [20] in contrast to two conserved cysteine residues in the rest of the PRDX family, the Mouse Genomic Nomenclature Committee (MGNC) and Human Gene Nomenclature Committee (HGNC) put this molecule under subgroup 6, now known as PRDX6.
endothelial-derived growth factor (EGF), tumor necrosis factor a (TNF-a), and transforming growth factor b (TGFb). The generation of ROS by these molecules is associated with the activation or deactivation and modulation of expression of several anti-death transcription factors, including lens epithelium-derived growth factor (LEDGF). 21, 22 LEDGF is a survival factor that acts as a transcriptional factor 17, [23] [24] [25] by activating heat shock element (HSE; nGAAn) and a stressrelated element (STRE; T/AGGGGA/T). 17, 25, 26 Cells overexpressing LEDGF contain elevated levels of PRDX6 protein and mRNA, and survive longer under oxidative and heat stress conditions. 17 Moreover, earlier studies have demonstrated that TGFb plays a regulatory role in gene transcription, and some genes comprise TGFb inhibitory elements (TIE). 27, 28 Our experiments establish the presence of TIE in the LEDGF promoter. 29 TGFb inhibits the gene transcription of LEDGF. 29 TGFb is present in ocular media, and various levels of activity have been reported in the aqueous and vitreous forms in human and other species. [30] [31] [32] [33] Interestingly, an increased level of H 2 O 2 in aqueous media is reported. 34 However, further investigation is required to understand the diverse biological effects of TGFb and ROS in the eye lens system. TGFb increases the ROS intracellular content in different cell types, and some of its action may be mediated by oxidative stress. Recent reports have demonstrated that TGFb increases ROS by rapid downregulation of antioxidant genes. [35] [36] [37] [38] Evidence shows that overexpression of PRDX6 reduces ROS generated in response to growth factors. 39, 40 To determine the potential role of PRDX6 in reducing oxidative stress and acting as an antioxidant defense in vitro and in vivo, we utilized Prdx6 knockout mice. Cells derived from Prdx6 knockout mice were more susceptible to cellular damage, and showed phenotypic changes. Our findings are in agreement with several reports demonstrating the activation of TGFb as a result of ROS elevation. 31, 32, 41, 42 The most striking morphological differences between Prdx6 þ / þ cells and Prdx6
À/À cells are accounted for by expression pattern changes due to a single gene, Prdx6. The physiological consequences of Prdx6 knockout are notable. LEDGF and associated genes are suppressed, indicating that changes in lens epithelial cells (LECs) may be associated to dysfunction of LEDGF.
In the present study, we examine the effects of PRDX6 on LECs survival and integrity under stress and nonstress environmental conditions. We additionally determine whether PRDX6-depleted cells are more susceptible to oxidative stress and modulate expression and function of LEDGF or its stress-associated genes, and analyze their functional association with TGFb. PRDX6-depleted cells displayed diminished DNA-binding activity of LEDGF and its regulated genes. Using Prdx6 À/À LECs, we demonstrate that PRDX6 protects cells by limiting the ROS level, and plays a regulatory role in gene transcription. In addition, our results provide novel information on ROS activation, expression of TGFb1 and its effects on gene modulation, such as repression of LEDGF transcription and stress-associated genes in LECs, which in turn may disrupt cellular integrity, thereby contributing to our understanding of the pathophysiology of plausible age-associated degenerative diseases, including cataractogenesis. PRDX6 abolishes ROS-mediated deleterious effects in LECs, and may therefore have significant potential to postpone age-associated degenerative disorders.
Results
PRDX6 is highly expressed in murine ocular lenses, and Prdx6 À/À mice lenses display higher susceptibility to oxidative stress and abnormal migration of LECs
We reported earlier that PRDX6 is present in ocular lens and removes intra-and extracellular H 2 O 2 . 17 According to a recent classification, the PRDX family is comprised of six members (PRDX1-6). We initially examined all the members of the PRDX family in mice lens. PRDX5 and PRDX6 were expressed significantly. Real-time PCR data revealed higher levels of PRDX6 ( Figure 1A ). This finding indicates that the expression of PRDXs may be tissue-or organ-specific. The function of PRDX6 appears pivotal, at least in lens, because other PRDXs could not inhibit the changes of Prdx6 À/À LECs. To evaluate the potential roles of PRDX6 in reducing oxidative stress, acting as antioxidant defense, and in signaling, we used Prdx6 knockout mice. Interestingly, lenses from PRDX6-depleted mice exhibited significant susceptibility to oxidative stress and opacity in the superficial cortex following exposure to H 2 O 2 (200 mM) for 44 h ( Figure 1B ). In addition, the histological sections of lenses isolated from Prdx6 À/À mice revealed abnormal cellular localization in the bow region and thickening of capsule. Moreover, some epithelial cells migrated to the region posterior to the equator ( Figure 1C , left panel). These findings signify the physiological importance of PRDX6 in lens. Since it is difficult to determine all the biochemical and molecular biological parameters in whole lenses, we generated Prdx6 À/À LEC lines to specifically identify the roles of PRDX6. Notably, lenses/LECs isolated from Prdx6 þ / þ (heterozygous) mice were indistinguishable from those of wild-type animals. PRDX6 protein expression was comparable in lenses/LECs of both groups and a similar finding has been reported by other groups. 43 Accordingly, we utilized wild-type mice and homozygous lenses/LECs throughout the study.
Generation and validation of LECs isolated from the lenses of Prdx6
À/À and Prdx6
We generated a LEC line from lenses isolated from Prdx6-targeted mutants (Prdx6 À/À ) and wild-type (Prdx6 þ / þ ) mice. Western analysis and RT-PCR using PRDX6-specific antibody 17 and primers, respectively, revealed an absence of PRDX6 mRNA and protein in LECs from homozygous mutants, in contrast to wild type ( Figure 1D and E). Next, we validated whether cells isolated from the lenses are indeed LECs. Western analysis using the aA-crystallin antibody confirmed the presence of aA-crystallin, a specific marker of LECs, in both Prdx6 À/À and Prdx6 þ / þ LECs ( Figure 1F ).
Phenotypic changes in Prdx6 À/À LECs resemble TGFb-induced changes in LECs
We harvested Prdx6 À/À and Prdx6 þ / þ LECs, either with complete media or DMEM containing 0.1% BSA. Cells were analyzed at variable time intervals (24, 48, 72 , and 96 h) and photomicrographed. Surprisingly, significant phenotypic alterations were observed in PRDX6-depleted LECs expressing a-smooth muscle actin (a-SM actin), a biological marker for cataractogenesis ( Figure 2B, a) . Careful microscopic observation revealed that cells became elongated and fiber-like, formed cellular aggregates, and packed irregularly. Moreover, these cells detached more frequently, and Total RNA from mouse lenses (12-week-old) was isolated and transcribed into cDNA. Real-time PCR was carried out using specific primers. 43 mRNA expression of each PRDX was adjusted to the mRNA copies of bactin. Results indicated that mRNA expression level of PRDX6 was significantly high in comparison to other PRDXs. However, PRDX5 is also present at a significant level but could not control cellular integrity of LEC. Thus PRDX6 has pivotal role in maintaining the normal physiological function of LECs. (B, C) Lenses from Prdx6 À/À mouse are more susceptible to oxidative stress and reveal abnormal histology. Lenses from 8-month-old Prdx6 À/À and Prdx6 þ / þ mice were subjected to oxidative stress (see Materials and Methods) and photomicrographed. Opacity could be observed in lenses isolated from Prdx6 (Figure 2A, e) . Interestingly, these differences were evident in cells cultured with complete media, but not as distinguishable as in those cultured under serum depletion conditions ( Figure   2A, d ). This may be due to the presence of catalase in serum. Notably, lenses were isolated from systematic blood circulation. Thus, the morphological integrity of LECs without serum reflects the bona fide phenotype of LECs in vivo. . Under serum depletion condition, cells became elongated and fiber-like, formed cellular aggregates, packed irregularly and showed cellular death (e) and this effect was more prominent if TGFb was added to these cells (f). When Prdx6 þ / þ LECs were exposed to TGFb at 5 ng/ml, changes in cellular morphology were similar to the changes observed in PRDX6-depleted cells (c (Figure 2A, c) . These cells additionally express a-SM actin ( Figure 2B, a) . From these results, we conclude that phenotypic changes as well as expression of a-SM actin and big-h3 in Prdx6
À/À cells are associated with TGFb activation.
Prdx6
À/À cells are highly susceptible to oxidative stress and undergo apoptosis
To determine the functional significance of PRDX6 inactivation, we assessed the cellular survival of LECs after oxidative stress. PRDX6 removes H 2 O 2 and protects cells. Therefore, PRDX6-depleted cells should be highly susceptible to oxidative stress. To this end, LECs were subjected to oxidative stress using H 2 O 2 for 2 h. As expected, PRDX6-depleted cells were more vulnerable to oxidation-induced cell death ( Figure 3A , b and B). Next, we performed DAPI staining (data not shown) and a TUNEL assay. Cells were photomicrographed and analyzed. Typical apoptic nuclei (fragmented and disintegrated) were observed in PRDX6-depleted cells ( Figure 3A , d). It is thus evident from the data that PRDX6-depleted cells undergo apoptosis during oxidative stress. In contrast, Prdx6 þ / þ LECs were resistant to identical oxidative stress, demonstrating an antioxidant role of PRDX6. Various reports show that higher levels of ROS are a common signal in different cell death pathways, and indicate a complex relationship between ROS levels and cell death, [48] [49] [50] in view of the finding that PRDX6-depleted cells bear higher levels of ROS, and are thereby more susceptible to oxidative stress.
Activation of TGFb in PRDX6-depleted LECs is associated with ROS and inhibited by PRDX6 overexpression or MnTBAP
TGFb induces phenotypic changes, expression of a-SM actin, and apoptosis in many cell types, including LECs. We predict that TGFb is activated in PRDX6-depleted cells. Phenotypic changes are associated with ROS-mediated TGFb activation. TGFb is normally secreted in the latent form (L-TGFb), and must be cleaved from latency-associated peptides (LAP) to produce the bioactive form. 51 ROS are implicated in the activation of latent TGFb. 51 Quantification by staining with H2DCF-DA 42 established a higher prevalence of ROS in these cells ( Figure 4A , b). However, it is noteworthy that DCF fluorescence is not specific for H 2 O 2 , and other oxidants such as peroxynitrite, O 2 -, NO, etc. could also oxidize DCFH2 into DCF. So, DCF fluorescence reflects the overall oxidative stress in cells. 43 Next, to establish whether the expression and release of bioactive TGFb is increased, we performed RT-PCR, Western analysis, and E max ELISA Assay (Promega). Repression of transcription of LEDGF and its associated genes, hsp27 and aB-crystallin is mediated at the level of transcription. 27, [52] [53] [54] We determined the transcriptional potential of LEDGF, HSP27 and aB-crystallin promoters linked to CAT. LEDGF promoter constructs containing TIEs 29 (À482 to þ 35 (wild type; -444-gttcTTGGtga-433) and its mutant (mutated at -444-gttcTATTtga-433) were employed to define whether repression of promoter activity is mediated by TGFb. Our results disclose reduced promoter activity in Prdx6 À/À LECs (Figure 6b ), in comparison to the mutant promoter, suggesting that suppression of LEDGF is TGFb-dependent.
Since HSP27 and aB-crystallin promoter activation depend on LEDGF binding to HSE (nGAAn) and STRE (A/TGGGGA/T) elements, 25 we analyzed whether these transcriptional activities were altered in Prdx6 À/À cells. The promoter activity of aB-crystallin was decreased in Prdx6 À/À LECs ( Figure 7A, b) , implying that the reduction in gene transcription is due to the presence of active TGFb. Thus, it appears that by limiting ROS PRDX6 in LECs not only protects cells, but also plays a role in cell signaling.
Supply of PRDX6 restores LEDGF, HSP27, and aB-crystallin transcription
It is evident from the above results that changes in Prdx
LECs are associated with ROS-mediated TGFb activation. As PRDX6 protects cells by limiting ROS, we investigated whether the addition of PRDX6 affected the promoter activity of LEDGF or aB-crystallin. CAT-ELISA was performed using Prdx6 À/À cells overexpressed with PRDX6 following cotransfection with Hsp27, or aB-crystallin promoter or LEDGF promoter. The CAT activities of these genes were restored, comparable to that observed in Prdx6 (Figure 8a, lane 4) that supershifted to the 'Ss1' band after the addition of LEDGF-specific antibody (Figure 8a, lane 5) . A band (Ns) appeared in all lanes with approximately the same intensity, signifying a nonspecific entity. This band was used to confirm equal loading, since it remained constant in nuclear extracts of both cell types. This signifies that not all nuclear proteins in
Prdx6
À/À cells lose their DNA-binding property. Additionally, the Cm1 band was outcompeted by 1000-fold excess of cold probe (Figure 8a, lanes 3 and 6) , suggesting LEDGF-binding specificity. Similar results were obtained with a STRE probe (data not shown). Next, we wished to know whether Prdx6 þ / þ cells exposed to TGFb revealed reduced DNA-binding activity of LEDGF. We performed gel-shift assay using nuclear extracts isolated from these cells with HSE probe. We found that the binding activity of LEDGF is significantly reduced (Figure 8b, lanes 3 and 4) . A similar finding has been reported earlier with hLECs treated with TGFb1. 29 These results support that the ROS-mediated activation of TGFb1 is responsible for this reduced binding that may be associated To establish that supplying PRDX6 to Prdx6 À/À cells recovers DNA-binding activity, nuclear extracts from LECs overexpressing PRDX6 were used in EMSA with the same probe. Our results suggest that a supply of PRDX6 to Prdx6 
À/À LECs overexpressing PRDX6 display normal LEC phenotype PRDX6-depleted cells lose their bona fide phenotypes, and do not maintain homeostasis. We next determined whether expression of PRDX6 in Prdx6 À/À cells could restore the normal phenotype of LECs, and affect the expression of a-SM actin, a biomarker for cataractogenesis. To this end, we performed multiple transfections, and selected stably transfected GFP-PRDX6 cells ( Figure 9A, c and d ). Cells were harvested and photomicrographed. In parallel experiments, Prdx6 þ / þ cells were used as control. Interestingly, Prdx6
À/À cells overexpressed with PRDX6 displayed normal phenotype, reduced a-SM actin expression, and limited apoptosis ( Figure 9A, b) . From the above findings, we conclude that PRDX6 is bifunctional. Specifically, it protects cells from oxidative stress, and controls ROS levels, thus playing a role in gene regulation. However, overexpression of LEDGF in Prdx6 À/À LECs did not affect the phenotypic changes, suggestive of complex signaling. Our data support ROSmediated activation of TGFb, and TGFb-induced changes in Prdx6 À/À LECs, and a supply of PRDX6 may attenuate the ROS-mediated deleterious effects.
Discussion
ROS are associated with numerous cellular metabolic and signaling pathways, and play a role in disease, particularly age-related degenerative conditions, such as cataract. To date, catalase (CAT) and glutathione peroxidase (GPXs) have been viewed as the major enzymes responsible for removal of cytotoxic ROS. Our data now suggest that PRDXs also might play a more important role in controlling ROS levels. Indeed, it has been reported that CAT and GPXs can be inactivated by oxidative attack. 55, 56 In this report, using LECs derived from mice with targeted inactivation of PRDX6, we show that PRDX6-deficient LECs display phenotypic changes, spontaneous apoptosis, and enhanced expression of a-SM actin (a bio-marker for cataractogenesis). These changes of Prdx6 À/À LECs are indistinguishable from those of TGFb-induced changes in LECs. 29, 44 In addition, these cells exhibit increased sensitivity to oxidative stress, and changes observed in PRDX6-deficient LECs involved higher ROS levels as assessed by H2-DCFH-DA staining ( Figure 4A and C). We find that PRDX6 is a major antioxidant and vitally important to maintaining cellular integrity, and is highly expressed in mice lenses ( Figure 1A ). Our study demonstrates catalase. 57, 58 Furthermore, TGFb1 is increased and activated in Prdx6 À/À LECs. This increase is abolished by a supply of PRDX6, indicating that ROS is the major cause of abnormality in Prdx6 À/À LECs. Importantly, our finding indicates that the expression levels of PRDX5 are significantly higher than PRDX 1-4, but significantly lower than PRDX6. Since other PRDXs could not counteract the changes occurred in Prdx6 À/À LECs and supply of PRDX6 could restore the abnormal changes in Prdx6 À/À LECs, we consider the role of PRDX6 as major, at least in LECs. Furthermore, the presence of PRDX5 expression in LECs indicates that there is no balance between PRDX6 and PRDX5, since PRDX5 that exhibit cytosolic as well as mitochondrial localization could not be able to attenuate the abnormal changes in Prdx6 À/À LECs. This absence of balance can be explained by the fact that PRDX6 might have other cellular function(s) in addition to its protective antioxidant activity. Indeed, PRDX6 has been implicated in signal transduction in mammalian cells, through control of ROS levels. 10 Recently, using Prdx6 À/À mouse, it has been reported that endogenously produced mouse PRDX6 functioned in vivo as an antioxidant enzyme, and its function was not redundant to other PRDXs and antioxidant enzyme. 43 Notably, the gene expression of Prdx1-5, Gpx1-4, Cat, superoxide dismutase (Sod1-3), thioredoxin (Txn1-2), and Glutaredoxin (Glrx1-2) was found similar between Prdx6 À/À and Prdx6 þ / þ mice. 43 These findings suggest that PRDX6 activities are independent of other enzymes. Similarly, our results indicate that PRDX6-depleted cells were highly susceptible to oxidative stress and cells lacking this protein could not maintain cellular integrity. Thus, the present finding demonstrates that PRDX6 has unique properties and that it functions independently of other PRDXs and antioxidant proteins.
However, changes in the redox state of cells lead to the modification of cellular signaling molecules, including transcription factors and proteins involved in protection. Diminished cellular antioxidant levels place cells in the redox state, which induces redox-active genes, and results in hyperactivity. In the present study, the possible biological role of the oxidized state in gene expression was investigated using LEDGF, a survival factor, and its regulated genes, aBcrystallin, hsp27, and TGFb-inducible gene. LEDGF is responsive to TGFb and ROS. 21, 29 Activation of TGFb by ROS is well established. 30, 35, 36 Our data strongly support the presence of bioactive TGFb in culture media of Prdx6 À/À LECs (Figure 5c ). TGFb is present in ocular media, and various levels of TGFb activity have been reported in aqueous and vitreous in human and other species. 59 ,60 Interestingly, increased levels of H 2 O 2 in aqueous humor are associated with cataractogenesis. 34, 61, 62 We believe that ROS enhances the expression and activation of TGFb, which negatively regulates survival pathway(s) in LECs by attenuating gene transcription. Moreover, lens-specific expression of TGFb1 in transgenic mice induces anterior subcapsular cataracts. 46 These include phenotypic changes, apoptosis, and expression of a-SM actin, similar to those observed in human cataract. Interestingly, if TGFb is injected into the vitreous or aqueous chamber of rat eye in vivo, the most pronounced changes occur at the bow region of the lens, initiating more typical cortical cataract. Our present results show that lenses from Prdx6 knockout mice are highly susceptible to oxidative stress, and develop cataracts (opacity) and abnormal migration of LECs from the bow to posterior region ( Figure 1C ). These findings suggest the possible involvement of TGFb in cataractogenesis induction. In addition, we find the expression of big-h3 protein in Prdx6 À/À LECs ( Figure 2B ). big-h3 is inducible by TGFb, 63, 64 and its overexpression is implicated in anterior polar cataract. 65 Thus, the induction of big-h3 in Prdx6 À/À LECs further supports our hypothesis. However, the functions of big-h3 in lens pathology remain to be investigated. Nevertheless, higher levels of ROS play a role in the aging process, as well as in a number of human diseases, including age-related cataractogenesis. On the basis of data obtained from our system (Prdx6 À/À cells), we predict the overstimulation of normal ROS-regulated signaling pathways in Prdx6 À/À cells. We consider that ROS increases in LECs during aging due to deficiency of PRDX6. Thus, during aging, TGFb is activated by ROS, and further enhances ROS production by diminishing level of PRDX6 expression, which results in negative regulation of the survival pathway(s) in LECs due to attenuation of gene transcription. However, in support of this view further investigation is required.
Oxidative stress may modify the DNA-binding activity of LEDGF, similar to Prdx6 À/À cells. To achieve biological effects, the transcription factor, LEDGF, binds to HSE and STRE present in stress-associated genes. High level of ROS (Prdx6 À/À cells) may activate or repress LEDGF, and may attenuate binding to DNA. We found the DNA-binding activity of LEDGF is reduced in Prdx6 À/À LECs (Figure 8a and b) . In addition, the results of Figure 8c show that PRDX6 inhibit the attenuation of DNA-binding activity of LEDGF to HSE and STRE. However, based on our present study and other's reports, it is pertinent to question how PRDX6 can play the roles of cell death and cell survival. Although we do not yet know the complete answer to this question, evidence indicates that it does so by the modulation of gene transcription by controlling ROS. In the present study, we found that LEDGF gene transcription and protein expressions were downregulated in Prdx6 À/À LECs ( Figure 6 ). Interestingly, a similar result has been obtained when human LECs were exposed to TGFb. 29 On the basis of these results, we surmise that there may be two possible mechanisms for ROS mediated-TGFb1 inhibition of LEDGF expression. First, bioactive TGFb1 may act at the TIE site present in LEDGF gene (Figure 6b ) through c-fos 27 and dominantly repress the positive signal. We found that the negative regulation of LEDGF gene is associated with the presence of TIE in the LEDGF gene (Figure 6b) . Second, there is a possibility of attenuation of DNA-binding activity of LEDGF either due to lower abundance of LEDGF protein or its attenuation in Prdx6 À/À cells. Moreover, we also consider the simultaneous presence of both events in these cells. We believe the deactivation of LEDGF protein in Prdx6 À/À cells, perhaps due to the prevalence of activated caspases. LEDGF is cleaved by caspase-3 and -7 during apoptosis. 66 Wu et al. 66 have reported that LEDGF was cleaved during apoptosis into fragments of 65 and 58, and this protein bears three sites: DEVPD30 G, DAQD486 G, and WEID85. Thus, it is possible that the LEDGF prosurvival function is abolished in PRDX6-depleted cells. There is evidence that full-length LEDGF enhances resistance of cells against oxidative and thermal stress by upregulating the expression of stress-related, antiapoptotic proteins, such as hsp27, aB-crystallin, and PRDX6. 17, 25, [67] [68] [69] [70] [71] Moreover, under normal physiological conditions, LEDGF is a regulator of PRDX6. 17 Attenuation of LEDGF function in cells with higher ROS levels should subsequently lead to decreased production of PRDX6. 17 Repression of LEDGF transcription in PRDX6-depleted LECs may be due to the prevalence of bioactive TGFb (Figure 5c ). As mentioned above, LEDGF promoter bears TIE, a target for transcriptional repression of LEDGF by TGFb. 29 A CAT assay using the LEDGF promoter containing TIE [27] [28] [29] is activated in the presence of PRDX6, suggesting that the PRDX6 disrupts harmful ROS-mediated TGFb1 signaling. In addition, the expression levels of aB-crystallin are recovered (Figure 7) . The recovery of LEDGF function, as well as restoration of phenotype in Prdx6 À/À LECs by the addition of PRDX6, further supports the involvement of ROS-mediated signaling. However, Prdx6
À/À LECs overexpressing LEDGF did not restore the phenotype of Prdx6 À/À LECs (data not shown). This result suggests the involvement of other ROS-mediated dominant signals that need to be investigated. However, collectively, our data indicate that LEDGF prosurvival function is attenuated due to higher prevalence ROS in Prdx6 À/À cells and activation of TGFb. This leads to the reduced expression of antiapoptotic genes such as Hsp27 and aB-crystallin and Prdx6. 17, 29 Recent reports provide evidence that redox regulation is a general mechanism for post-translational control of transcription factor function. Changes in the reduction-oxidation potential influence the DNA-binding activities of several transcription factors, including AP1, NF-kB, and HSF1. 72, 73 Various harmful signals by ROS have been reported in aged cells. [31] [32] [33] 42 We believe that the Prdx6 À/À LECs used in this study may represent a model that can be used to elucidate the signaling pathways involved in aged cells. Furthermore, our results show that reduction in transcription and attenuation of the DNA-binding activity of LEDGF are largely associated with ROS activation of TGFb in Prdx6 À/À LECs. In summary, oxidative stress is a major cause of cell damage associated with the initiation and progression of many age-related degenerative diseases, including cataractogenesis. In the majority of organisms, from prokaryotes to eukaryotes, cells have evolved antioxidant defense systems that rapidly nullify harmful oxidants. Thus, our findings demonstrate that PRDX6 is pivotal in maintaining cellular homeostasis by protecting cells from oxidative stress and playing a role in signaling.
Materials and Methods
Generation, characterization and breeding of Prdx6-targeted mutant mice
The generation, characterization, mating of mutant mice, and analysis of the progeny of Prdx6 targeted mutant mice has been described in detail. 74, 75, 43 Briefly, a genomic clone having the 129/SvJ (129) Prdx6 gene was isolated as described previously.
75 Prdx6
À/À 129/Sv mice were generated in Harvard Medical School under the supervision of Dr. David R Beier. These mice are maintained on a fully inbred 129/Sv background, which minimizes the variation due to genetic background. However, to generate the Prdx6-targeted mutant mice of 129/SvJ (129) background, the chimeric Prdx6-targeted mutants were crossed to 129 mice, and those offsprings heterozygous for the Prdx6-targeted mutation were intercrossed to generate mice homozygous for the targeted Prdx6 gene mutation. Prdx6
À/À mutant mice of pure 129 background were used during the present study. Wild-type 129/SvJ inbred mice of the same sex and age were used as control (Prdx6 þ / þ ).
Mutant genotypes of Prdx6
À/À were confirmed by PCR of genomic DNA obtained from the tail. 43 All animals were maintained under specific pathogen-free conditions in the animal house at Harvard Medical School. Mice lacking PRDX6 developed normally. There was no difference among the age-and sex-matched body weights of adult homozygous and heterozygous mutants, and wild-type controls. Microscopically, no abnormalities were found in any of the organs and tissues of mutants and their controls. 43 
LECs and Lens organ culture
Lenses were isolated from 7-8-weeks-old mice, and Prdx6 À/À and Prdx6 þ / þ cell lines were generated and maintained in Dulbecco's Modified Eagle's (DMEM) with 10% FBS. 76 Briefly, cells were cultured in 75 mm tissue culture flasks in a 5% CO2 environment at 371C following standard procedures. Cells were trypsinized (0.25%) and plated in culture dishes at a density of 5 Â 10 5 in 60 mm plates or 1 Â 10 6 in 100 mm plates when required. All transfection procedures were performed using Superfectamine (Qiagen). For treatment with TGFb1 (R&D systems, Minneapolis), H 2 O 2 or MnTBAP, cells were cultured in 24-or 96-well plates.
Lenses from Prdx6 À/À (homozygous) and Prdx6 þ / þ (wild-type) 8-month-old mice were placed in Medium 199 (Gibco) after removal from mouse eyes subjected to oxidative stress. 76 Lenses were photographed using a slit lamp and dissection microscope, following H 2 O 2 exposure. For histopathological evaluation, lenses from both groups of mice were fixed in 4% paraformaldehyde in 20 mM phosphate-buffered saline, pH 7.4, embedded in paraffin, and cut into 5 mm sections. Sections were deparaffinized with xylene, passed through a graded series of alcohol, and finally stained with Meyer's hematoxylin and eosin (Sigma) using a standard technique, 77 and photomicrographed.
Cell survival assay (MTS assay)
A colorimetric MTS assay (Promega) was performed as described earlier. 78 This assay of cellular proliferation uses 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2 to 4-sulfophenyl)-2H-tetrazolium salt (MTS; Promega, Madison, MI, USA). Upon addition to medium containing viable cells, MTS is reduced to a water-soluble formazan salt. The OD 490 nm value was measured after 4 h with an ELISA reader.
Apoptotic cell assay
DAPI staining was performed as described elsewhere. 79 Briefly, cells were grown in complete medium overnight and the next day, washed once with PBS, and fixed in 70% ethanol. Cells were re-washed with PBS, incubated in DAPI solution for 30 min at room temperature, washed, and mounted. The morphology of cell nuclei was observed under a fluorescent microscope, following UV excitation at 350 nm. After photomicrography, apoptotic nuclei were identified by condensed chromatin gathering at the periphery of the nuclear membrane or total fragmented morphology of 
A TUNEL assay was employed to assess apoptotic cell death. TUNEL staining was performed using an in situ cell death detection kit, Fluorescein (Roche Diagnostics GmbH, Germany), following the company's protocol. Briefly, cells were washed with PBS and fixed in freshly prepared 4% paraformaldehyde in PBS (pH 7.4), followed by incubation in permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate) for 2 min on ice. Cells were rinsed twice with PBS, and incubated in a TUNEL reaction mixture for 60 min at 371C in the dark. Cells were rinsed three times with PBS. After mounting, samples were micro-photographed using a microscope (Nikon, ECLIPSE TE 300), and analyzed.
Western blot analysis
Cell lysates were prepared in ice-cold radioimmune precipitation buffer (RIPA buffer), as described previously. 17 Equal amounts of protein samples were loaded onto a 10% SDS gel, blotted onto PVDF membrane (Immobilont-P; Millipore Corporation, Bedford, MA, USA), and immunostained with primary antibodies at the appropriate dilutions (mouse antia-SM actin at 1 : 400 dilution (Sigma), aB-crystallin or aA-crystallin antibody (1 : 500) (a kind gift from Dr Jack Liang, Harvard Medical School, Boston), HSP27 (Santacruz Biotech) (1 : 1000), TGFb1 antibody (Santacruz Biotech) (1 : 400) or anti-TGFb-inducible gene (1 : 1000) (a kind gift from Dr. Paul C Billings, Univ. Pennsylvania School of Medicine, Philadelphia). Filters were incubated with horseradish peroxidaseconjugated secondary antibodies (1 : 1500 dilution). Specific protein bands were visualized by incubating the membrane with luminol reagent (Santa Cruz Biotechnology) and exposing to film (X-OMAT; Eastman Kodak).
Real-time PCR
To monitor the levels of PRDXs in mouse lens, total RNA was isolated using the single-step guanidine thiocynate/phenol/chloroform extraction method (Trizol Reagent;Invitrogen) and converted to cDNA using Supercsript II Rnase H -Reverse Transcriptase. Quantitative real-time PCR was performed with TaqMan Universal Master Mix (Applied Biosystems, Foster City, CA, USA) in an ABI s 7000 Sequence detector system (Applied Biosystems). We used primers specific for Prdx 1 
Reverse transcription polymerase chain reaction (RT-PCR)
RT-PCR was conducted following an earlier method. 21 A TGFb1-specific primer pair (Cat. no. RDP-26-025) was purchased from R&D Systems (Minneapolis, MN, USA). Other primers were synthesized commercially (Invitrogen). To perform RT-PCR, either total RNA or mRNA was extracted from Prdx6 À/À and Prdx6 þ / þ cells using the single-step guanidine thiocyanate-phenol-chloroform extraction method (Trizol Reagent; GIBCO-BRL), and isolated with the Micro-fast trackt kit (Invitrogen, Carlsbad, CA, USA). Micro-fast track 2 (Invitrogen, Carlsbad, CA, USA), a cDNA synthesis kit for RT-PCR, was employed to synthesize cDNA from mRNA. The resulting cDNA was used for amplification. After denaturation for 2 min at 951C, 30 cycles of amplification (denaturation at 941C for 1 min, annealing at 551C for 2 min, elongation at 721C for 3 min) were performed, followed by a final extension step for 7 min at 721C. The following oligonucleotide sequences were employed: LEDGF sense primer: 
Construction of LEDGF promoter-CAT reporter vector
The 5 0 -flanking region of the LEDGF gene was isolated and sequenced. A construct encompassing À5139 to þ 35 bp was prepared by ligation to basic pCAT vector (Promega, Madison, WI, USA). Similarly, constructs containing different sizes of the LEDGF promoter were prepared with the appropriate sense and antisense primers, and ligated to pCAT vector. 29 The plasmid was amplified, and used for the CAT assay. In this study, we employed a construct comprising bases À482 to þ 35, which included TIEs. Additionally, we used a mutated construct in which the TIE site is disrupted. 29 
Construction of Hsp27 and aB-crystallin-CAT
Hsp27-CAT and aB-crystallin-CAT constructs were engineered as described previously. 25 Briefly, the 5'-flanking region of the human Hsp27 gene was isolated with a genomic PCR kit (Clontech, Palo Alto, CA, USA) using specific primers. A forward primer containing a SacI site (5 0 -GCGTCGAGCTCTCGAATTCATTTGCTT-3 0 ) and reverse primer with a XhoI site (5 0 -GCTCTCGAGGTCTGCTCAGAAAAGTGC-3 0 ) were used to generate the fragment, which was cloned between the EcoRI sites of the TA vector (Invitrogen Corp., Carlsbad, CA, USA). Similarly, a fragment comprising the 5 0 -flanking region of the human aB-crystallin promoter (a gift from Dr. Piatigorsky, NEI, NIH) was prepared using specific primers. A forward primer with a SacI site (5 0 -CTCTCTTCCAAGAGCTCACAAAG-3 0 ) and reverse primer containing a XhoI site (5 0 -ATGGTGGCTACTCGA GAGTGA-3 0 ) were used to generate the above fragment, which was cloned between the EcoRI sites of the TA vector. The Hsp27 and aBcrystallin/TA constructs were digested with SacI and XhoI and promoter fragments were ligated to pC AT-Basic vector (Promega, Madison, WI, USA), using the appropriate restriction enzymes. 25 Transfection and chloramphenicol acetyltransferase assay (CAT assay)
The CAT assay was performed using a CAT-ELISA (Roche Diagnostics GmbH, Germany) kit. Prdx6 À/À and Prdx6 þ / þ cells were cultured at a density of 5 Â 10 5 cells in 5 ml DMEM containing 10% FBS per 60 mm petri dish in a 371C incubator containing 5% CO2. After 24 h, cells were Regulatory function of Peroxiredoxin 6 N Fatma et al washed with the same medium and transfected/co-transfected with Lipofectamine PLUS Reagent (Invitrogen) using 2 mg of promoter/CAT reporter construct and/or pEGFP expression vector, and 1 mg of SEAP vector. 81 After 72 h of incubation, cells were harvested, and extracts were prepared and normalized. CAT-ELISA was performed to monitor CAT activity, following the manufacturer's protocol. Absorbance was measured at 405 nm using a microtiter plate ELISA reader.
Assay for intracellular redox state
Intracellular redox state levels were measured using the fluorescent dye, H2-DCFH-DA, a nonpolar compound that is converted into a polar derivative (DCFH) by cellular esterases following incorporation into cells. H2-DCFH is rapidly oxidized to the highly fluorescent 2 0 ,7 0 -dichloroflourescein in the presence of intracellular hydrogen peroxide and peroxidases. 35 For the assay, the medium was replaced with Hank's solution containing 10 mM H2-DCFH-DA after 10 min of incubation at room temperature. Cells were photomicrographed under an inverted fluorescent microscope at an excitation wavelength of 513 nm. The relative fluorescent intensity was measured in control cells.
Detection of biologically active TGFb1
Bioactive TGFb1 in culture supernatant was determined directly using the TGFb1Emax ImmunoAssay system (Promega Corp., Madison, WI, USA). 33 Briefly, 96-well plates were coated with TGFb Coat mAb, which binds to soluble TGFb1. TGFb1 bound to a specific polyclonal antibody (pAb). After washing, the amount of specifically bound pAb was measured using a specific antibody conjugated to HRP. Readings were taken at 450 nm.
Construction of PRDX6 in a eukaryotic expression vector
A construct containing green fluorescent protein (TOPO-GFP) and PRDX6 cDNA was generated with the 'living color system' (CLONTECH, Palo Alto, CA, USA) for eukaryotic expression. PRDX6 cDNA was isolated from the LEC library using sense and antisense primers, 17 and the amplified product was cloned into the TOPO-GFP vector. This construct was employed to generate stable eukaryotic cells overexpressing PRDX6 (GFP-PRDX6). Cells transfected with empty GFP vector served as a control.
Preparation of LEC nuclear and cytosolic extracts
Nuclear extracts from Prdx6 À/À and Prdx6 þ / þ cells were prepared as described earlier. 17 Briefly, cells were cultured in 100 mm plates. Next, cells were washed gently with chilled PBS (pH 7.2), collected by centrifugation, and resuspended in five pellet volumes of cytoplasmic extraction buffer (10 mM HEPES, 60 mM KCl, 1 mM EDTA, 0.075% (v/v) Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, adjusted to pH 7.6). After short incubation on ice, the cytoplasmic extract was removed from the pellet. Following careful washing with cytoplasmic extract buffer without detergent (Nonidet P-40), fragile nuclei were re-suspended in nuclear extract buffer (20 mM Tris-HCl, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2% EDTA, 1 mM phenylmethylsulfonyl fluoride, and 25% (v/v) glycerol, adjusted to pH 8.0). The salt concentration was adjusted to 400 mM using 5 M NaCl, and the extract was incubated on ice for 10 min with occasional vortexing. Finally, the extract was centrifuged at 14 000 rpm for 30 min to pellet the nuclei. After dialysis, protein concentration was estimated according to the Bradford method, 82 and the extract was employed for EMSA.
Electrophoretic mobility shift assay (EMSA)
In the present study, we performed EMSA with nuclear extracts from Prdx6 À/À or Prdx6 þ / þ cells to determine whether the DNA-binding property of LEDGF is attenuated in Prdx6 À/À cells. Oligonucleotides containing HSE (nGAAn) and STRE (T/AGGGGA/T) were synthesized chemically (Gibco). Sequences were annealed, and end-labeled with [g-32 P]ATP using T4 polynucleotide kinase (New England Biolabs, Inc.). The binding reaction was performed in 20 ml buffer containing 20 mM TrisHCl (pH 8.0), 75 mM KCl, 5% glycerol, 50 mg/ml bovine serum albumin (BSA), 0.025% nonidet NP-40, 1 mM EDTA, 5 mM DTT, and 1 mg of poly(dI/dC). The end-labeled probe (5 fmol (1000 cpm)) was incubated on ice for 30 min with 5 mg of nuclear extract. Samples were loaded on a 5% polyacrylamide gel in 0.5 Â TBE buffer for 2 h at 10 V/cm. The gel was dried and autoradiographed. In competition assays, a 1000-fold molar excess of cold probe was added. For the supershift assay, 1 ml of anti-LEDGF antibody (Ab) was added to the tube containing the probe and nuclear extract. The mixture was incubated for an additional 30 min while the complexes formed, and EMS A was performed, as described earlier. 17, 25 
